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Abstract
A ring plasmon-polariton resonator has been investigated and proposed as a promising platform
for (bio)sensor devices. Many applications related to sensitive, miniaturized, and lab-on-a-chip
devices can be realized with the structure proposed in this work. This structure consists of a
rib-type ring configuration employing a metallic film sandwiched by dielectric layers. The
adopted operating wavelength is λ = 1550 nm. Our theoretical investigation shows that the
proposed structure not only has low loss, and consequently a long propagation distance
(2.17 mm), but also a good lateral field confinement and a quality factor Qtot ≈ 1146. This high
quality factor is essential for sensing applications where the conductivity of analyte mixtures is
allowed to vary.
Keywords: plasmonics, surface plasmon polaritons, SPP, ring resonators, quality factor
(Some figures in this article are in colour only in the electronic version)
1. Introduction
Photonic devices have continuously been a focus of scientific
research, particularly for optical communications and sensing
applications. As is well known, the dimensions of these
devices are limited by the Abbe diffraction limit. This
limit has been the major bottleneck in developing new
technologies in optical microscopy, lithographic projection
optics, integrated optics, and optical data storage, as it limits
device size and ability to integrate these devices. Fortunately,
the field of ‘plasmonics’ has emerged, and devices able to
operate with dimensions below the diffraction limit have now
become a reality. This is possible with the propagation of
surface plasmon polaritons (SPPs); put simply, a SPP is an
electromagnetic field confined in regions smaller than the
wavelength of light. SPPs occur via coupling between an
electromagnetic wave and collective oscillations of electrons
at the interface between two media such as metal–dielectric
or semiconductor–dielectric interfaces. Thus, by changing the
structure of the surface of a metal, the properties of SPPs—
in particular their interaction with light—can be manipulated,
offering potential for the development of new types of
photonic devices. Many approaches have been suggested for
this purpose, particularly based on the metal–insulator–metal
(MIM) configuration, such as tooth-shaped structures [1–6],
gap-based filters [7–10], and, more recently, tilted coupled
resonators for wavelength selection purposes [11]. MIM
structures provide excellent field confinement, at the expense
of shorter propagation distances and low quality factors Q
(except for the structures in [11] which have achieved the
largest Q for MIM-based geometries).
An interesting way to circumvent the short propagation
problem in SPP-based structures consists of embedding a
metal layer of finite width in a dielectric medium [12–15].
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This configuration is able to confine and propagate long-range
surface plasmon-polariton (LRSPP) waves. The propagation
distance can be extended even further if dielectric layers
with lower refractive indices than those of the outermost
dielectric claddings are placed on both sides of the thin metal
film [16, 17]. However, this is obtained at the expense of
a lower field confinement due to the reduced interaction of
the field with the metal layer. One way of improving field
confinement, at least laterally, in LRSPP structures is achieved
by means of a rib waveguide configuration, as suggested
in [18, 19]. Even though SPP-based structures have been
successfully used for biosensing applications [20–27], the
same does not hold true for LRSPP ring resonators (as far as
the authors are aware).
In the present work we propose a LRSPP rib-based ring
resonator for biosensing applications [28]. The structure is not
only able to provide lateral field confinement, but also LRSPP
propagation. In the present case, we assume that an aqueous
analyte solution is placed in the middle of the ring, and we then
investigate the spectral response of the structure by varying
the analyte’s conductivity. The evanescent field of the guided
light in the waveguide extends into the analyte (e.g. water) and
interacts with it near the waveguide surface. A small change in
the electrical conductivity of the sample (σ = ω×Im[ε], where
ω is the angular frequency in rad s−1 and ε is the complex
permittivity) near the waveguide surface causes modifications
in the optical signal at the output, which acts as the sensing
signal, therefore changing the output optical intensity. The ring
structure allows the light to repeatedly interact with the sample
surface, improving sensor performance. In addition, the small
size and high performance of this structure makes it a potential
candidate for small circuit (high density sensors) applications.
This paper is organized as follows: section 2 describes
the sensor design as well as the necessary steps to reduce this
three-dimensional (3D) structure to a two-dimensional (2D)
one (this is necessary in order to reduce the computational
cost). This section also provides all necessary physical
and geometrical parameters to be adopted in the simulations
detailed in section 3. Finally, section 4 draws the main
conclusions of this paper.
2. Waveguide structure—design
In the present work we are mostly interested in monitoring
variations in conductivity in aqueous biological samples. Many
different plasmonic-based approaches have been successfully
used for this purpose, and an excellent literature review can
be found in [29, 30] and references therein. Techniques
based, for instance, on gold nanoparticles [31] and fiber-
optic probes [32–34] have proved to be very effective for
conductivity measurements but are nonetheless not convenient
for mass production. With that in mind, we propose a ring-
based integrated optic plasmonic rib waveguide that is a good
candidate not only for different sensing applications but also
for mass production.
A cross-section of the isolated rib waveguide geometry is
schematically shown in figure 1(a). This structure is based
on the same principle suggested by [17], i.e. it makes use
of a low index buffer layer separating the top and bottom
interfaces of the metal film from the higher index claddings.
This arrangement allows for a reduced field interaction with the
metal film (consequently, a lower field confinement), therefore
extending the SPP propagation distance. The metal is assumed
as silver (Ag) with a thickness m, surrounded by two adjacent
layers of SiO2 with thicknesses b1 and b2. The outermost
cladding layers are assumed as As2S3, with thicknesses c1 and
c2. The operating wavelength is λ = 1550 nm. Finally, the
rib width is w1 and the substrate is assumed also as SiO2. This
layer arrangement, as will become clear later on, favors low
propagation losses.
Propagation loss is an important issue in resonant
structures since the quality factor Q is significantly affected
by this parameter. Since we are concerned here with the
design of a ring structure, both the bus (straight) and ring
waveguides must be physically and geometrically identical in
order to guarantee phase matching between the propagating
modes of these waveguides (this is necessary for maximum
energy transfer between them). The energy transfer efficiency
in this case can be controlled by the separation (S) between
both waveguides at the point of their closest proximity, where
we actually have a directional coupler. The coupled rib
waveguide cross-section at this particular point is shown in
figure 1(b). The separation S directly influences the length
of the interaction region necessary for total energy transfer.
This region is clearly seen in the dashed boxes in figure 1(c),
which shows the top view of the rib waveguide-based ring
resonator. The structure in figure 1(c) is also defined here as
the 2D reduced structure, as will become clear next. This ring
structure behaves as follows: if the wavelength of the excitation
source λ satisfies the resonance condition, that is, neff L = pλ,
the output port 3 will exhibit maximum optical power, while
the output port 2 will be minimum. Here neff is the effective
index (neff = β/k0, k0 = 2π/λ0 and β is the propagation
constant) of the ring waveguide, L is the length of the ring
(L = 2π R, with R as the ring radius), and p is an integer.
Simulation of the full 3D ring resonator is computationally
demanding, therefore we use the well-known effective index
method (EIM) [35] to reduce the 3D structure to a 2D one. The
procedure for doing so is as follows: first, the cross-section of
the isolated rib waveguide (figure 1(a)) is designed so that the
propagation losses are as low as possible and the field profile
across the rib is as symmetrical as possible. Observe that
because of the presence of the substrate, the field distribution
on the base of the rib can be significantly different from that on
the top of the rib (since the upper cover is air). Field symmetry
across the metal film can be guaranteed by properly designing
the structure so the SPP modes on the top and bottom surfaces
of the metal (which are coupled for thin metal thickness) will
be equally distributed. This helps to significantly reduce the
field penetration toward the SiO2 substrate. This is appropriate
here since geometrical asymmetry between the upper clad and
lower clad may cause the SPP mode to be cut off. In addition,
by guaranteeing that most of the field remains confined in the
rib, the EIM becomes more accurate due to the index contrast
between regions I(III) and II.
In this stage, the field confinement is strongly influenced
not only by the choice of refractive indices but also by the rib
2
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Figure 1. (a) Cross-section of the isolated rib waveguide. (b) Cross-section of the coupled rib waveguides (bus and ring) at the point of their
closest proximity. (c) Ring resonator reduced via the effective index method. (d), (e) Respectively, the Hy field component of the symmetric
and asymmetric mode, both obtained for the situation described in (b).
width w1, which has to be carefully chosen. The application
of the EIM to the structure in figure 1(a) requires the cross-
section to be divided out in three separate regions (I, II,
and III). Due to the symmetry of the structure, region I is
the same as region III. Each region can then be analyzed as
a planar waveguide with effective mode propagation index
neff1 = neff3 and neff2. Therefore, neff2 corresponds to the
core of the bus and ring waveguides, while neff1,3 corresponds
to the cladding in figure 1(c), and the reduction to 2D is
complete. Since a wavelength dependence analysis has to
be carried out for this structure, one should bear in mind
that the dielectric constants of the materials involved are also
wavelength dependent. Therefore, the effective indices neff1,3
and neff2 obtained with the EIM must carry the wavelength
dependence of the materials utilized in the structure. We
have used the Sellmeier equations available in [36, 37] for the
refractive indices of SiO2 and As2S3, and a polynomial fit of
the experimental data from [38] for the relative permittivity
of Ag.
Another crucial step in designing this structure is
the interaction length (or coupling length) Lπ , defined as
the length for maximum energy transfer between coupled
waveguides. There are two interaction regions, but only
the upper one is shown in the dashed box in figure 1(c).
As mentioned before, this parameter is controlled by the
separation S of the coupling region. This separation is chosen
in such a way that the energy transfer between both waveguides
occurs in an adequate distance (if this distance becomes too
long, than the ring may become a race-track geometry). The
3
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Figure 2. (a) Spectral response of the ring for separation S = 50 nm. (b) Field propagation through the 2D ring resonator at λ = 1544 nm.
coupling distance, Lπ , is obtained as follows:
Lπ = λ2|neff| ; neff = neff(sym) − neff(asymm) (1)
where neff(symm) and neff(asymm) are the effective indices of the
symmetric and asymmetric modes, respectively, obtained for
the coupled rib waveguides (bus and ring) at the point of
closest proximity, and λ is the operating wavelength. The Hy
field profile of these modes (details about the simulation are
provided latter on) are given in figure 1(d).
Once the design criteria have been established, we can
now define the geometrical parameters of the 2D structure
(figure 1(a)). The proposed resonator is designed to operate at
the wavelength λ = 1550 nm. So, the geometrical parameters
that satisfy all requirements presented above are: c1 = 450 nm,
c2 = 400 nm, b1 = 40 nm, b2 = 40 nm, m = 20 nm,
w1 = 500 nm, and R = 3625 nm [R = pλ/(2πneff), from
the resonance condition defined previously, with p = 20 and
neff = 1.8011–i5.6936 × 10−5 (for λ = 1550 nm) where only
the real part is used in the equation to calculate R]. The value
adopted for c1 compensates the asymmetry of the waveguide,
resulting in a more symmetric field distribution. This isolated
rib structure must now be simulated within the wavelength
range of interest (1300–1700 nm in this case) in order to obtain
the wavelength dependence for neff2, which is going to be
the core of the reduced 2D structure in figure 1(c). We have
done that with COMSOL Multiphysics [39], and obtained the
following polynomial dependence for neff2:
neff2 = v1λ4 + v2λ3 + v3λ2 + v4λ + v5
+ i(u1λ9 + u2λ8 + u3λ7 + u4λ6 + u5λ5
+ u6λ4 + u7λ3 + u8λ2 + u9λ + u10) (2)
where u1 = 0.011 302 667, u2 = −0.160 486 53, u3 =
1.010 5356, u4 = −3.705 2483, u5 = 8.721 6219, u6 =
−13.670 891, u7 = 14.270 665, u8 = −9.564 3091, u9 =
3.732 3215, u10 = −0.645 542 05, v1 = 0.109 416 68, v2 =
−0.744 596 84, v3 = 1.937 5679, v4 = −2.707 2845, and
v5 = 3.483 6599. The wavelength is in μm. The effective
index for regions I and III is assumed as neff1,3 = 1.0 since
there is only air interacting with the rib in these regions. Now
the reduced 2D structure is completely defined and we can
proceed to the 2D simulation which is also carried out with
COMSOL Multiphysics.
3. Simulation results
The quality factor, or Qtot, of a resonator is a measure of
its frequency selectivity. Since the present design involves
reducing a 3D structure to a 2D one, the total quality factor
is calculated according to [40]:
Qtot = QSPP×QDieQSPP + QDie . (3)
In equation (3), QSPP = Re[neff]/(2 × Im[neff]) is obtained
from the simulation of the rib cross-section in figure 1(a) at
the desired operating wavelength; QDie, in its turn, is defined
as QDie = λ/λ3 dB obtained with the simulation of the
reduced 2D ring. For the sake of comparison, in [19] a
ring-based rib waveguide with a metal stripe embedded in a
dielectric layer produces Q values around 300 (QSPP ≈ 750
and QDie ≈ 500) for a ring radius of 3.6 μm (we took
a radius similar to ours to make a fair comparison) and a
propagation distance in excess of 300 μm. In our case, the ring
resonator presents a high quality factor Qtot ≈ 1146 (QSPP =
1.5817 × 104 and QDie = 1235) at the resonance wavelength
λ = 1544 nm and a long propagation distance of Lprop =
2.17 mm (Lprop = 1/(2 × Im(neff) × k0) and k0 = 2π/λ).
A small deviation from the desired operating wavelength of
1550 nm is observed due to the simplification adopted during
the 2D structure reduction. For the present structure, one sees
that the propagation distance is several tens of times longer
than those obtained in [18, 19]. The spectral response in
terms of scattering parameters obtained for the 2D structure
(depicted in figure 1(c)) is shown in figure 2(a). Observe that
the resonance peaks are very sharp, suggesting that different
operating points could also be adopted. The behavior observed
for long wavelengths (above 1600 nm) is mainly due to the
reduced field confinement for this situation. Consequently, the
field spreads more laterally increasing the interaction between
bus and ring waveguides. On the other hand, more energy
is lost due to radiation as the field propagates along the ring
4
J. Opt. 13 (2011) 115001 L O Diniz et al
Figure 3. Spectral response for different values of separation S.
by virtue of its short radius of curvature. This effect can be
observed in figure 2(b), which shows the 2D field profile at
the wavelength λ = 1544 nm (only 6 nm off the desired
wavelength of 1550 nm) exiting at port 3. This loss can
be either compensated with a higher ring radius or with a
much higher field confinement, which could be achieved by
substituting the adopted dielectric materials by semiconductor
materials (transparent at this wavelength range).
Next, we investigate the influence of the separation S
on the spectral response of the structure. The idea is to
demonstrate the role performed by this important parameter in
the overall device response. The results are shown in figure 3
for rib width w1 = 500 nm and separation S = 50, 100,
200, and 300 nm. As one might see, the quality factor is
strongly affected by this parameter, and the reason is related
to the energy transfer between bus and ring waveguides, since
both are coupled via an evanescent field. Therefore, the higher
the separation S, the longer it takes for a complete energy
exchange between bus and ring waveguides to occur, since
the coupling between them becomes weaker. For a separation
of 300 nm, for instance, the results suggest that a race track
rather than a circular ring geometry should be used instead.
At the same time, the resonance peak is shifted to higher
wavelengths since the field distributions in these cases show a
greater lateral decay (with greater interaction between bus and
ring guides). This can be explained as follows: for the same
structure, the confinement of the field tends to decrease for
higher wavelengths, and the decrease of confinement produces
a larger modal diameter. It is precisely this larger modal
diameter that increases the interaction between the two field
guides, resulting in displacement of the resonance peak.
Finally, after all the design criteria described above, we
investigate an example of the application of this structure as
a biosensor. The idea here is to use the center of the ring
as a container for the analysis of biological solutions. A
similar concept was used in [41] where instead a dielectric
disk resonator was suggested as a biosensor. In our case,
the material in the center of the ring (air) is replaced by
water (n = 1.333) and the resonance condition is established
for this situation (reference condition). Any variation in
electrical conductivity of this material will be translated into
changes in the modal propagation constant along the cavity,
as in [41]. This variation causes a phase mismatch between
the ring and the guide, changing the light intensity at the
output port of the device. The simulation results are shown
in figure 4(a), with the conductivity of the analyte taken as
a parameter. The desired operating wavelength is 1550 nm.
Observe that at the reference condition (σ = 0 (S m−1))
the transmission to output port 2 is minimum, and reduces
rather abruptly for higher conductivity values. The response
tends to saturate for σ > 3000 (S m−1) for the operating
wavelength, as shown in figure 4(b). Therefore, as long as
the analyte’s conductivity remains smaller than 3000 (S m−1),
the performance of a LRSPP ring waveguide resonator as
described in this work can be quite attractive. The dependence
of the Q-factor on the analyte’s conductivity is shown in
figure 5. The exponential decrease of the Q-factor is expected
since the imaginary part of the analyte’s dielectric constant
is directly related to its conductivity (therefore, a larger σ
implies higher losses). So far we have been able to extend
the propagation distance of the LRSPP even further with the
present approach, providing a much higher Q value than for
previously available LRSPP structures (for short ring radius)
and, in addition, to show that this structure can be successfully
used as a platform for (bio)sensor applications. In the future,
Figure 4. (a) Spectral response for the proposed biosensor with a rib width w = 500 nm and rib separation S = 50 nm, with the conductivity
σ in (S m−1) as a parameter. (b) Maximum transmission as a function of conductivity σ at the operating wavelength of 1550 nm.
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Figure 5. Quality factor Q as a function of the electrical
conductivity σ at an operating wavelength of 1550 nm for a rib width
w = 500 nm and rib separation S = 50 m.
we will investigate different analyte solutions and address
materials and fabrication issues in order to deal with more
realistic scenarios.
4. Conclusions
We have proposed a design of a extremely sensitive ring
plasmon-polariton resonator with the aim of using it for
biomolecular sensor applications. We believe that many
applications related to sensitive, miniaturized, and lab-on-a-
chip devices can be realized with the design criteria proposed
in this work. We have adopted a rib-type ring configuration
employing a metallic film sandwiched by dielectric layers,
operating at λ = 1550 nm. Our theoretical investigation
showed that the proposed structure not only has low loss,
and consequently a long propagation distance (2.17 mm), but
also a good lateral field confinement and a quality factor
Qtot ≈ 1146. This high quality factor is essential not only
for wavelength selection but also for sensing applications.
In the latter (as a possible biosensor application), we have
investigated the influence of the conductivity of an aqueous
analyte solution on the spectral response of the device.
We have shown that the proposed structure can also be
successfully used for biosensor applications as long as the
analyte conductivity remains less than 3000 S m−1.
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